Many plant and bacterial toxins act upon cytosolic targets and must therefore penetrate a membrane barrier to function. One such class of toxins enters the cytosol after delivery to the endoplasmic reticulum (ER). These proteins, which include cholera toxin (CT), Pseudomonas aeruginosa exotoxin A (ETA), and ricin, move from the plasma membrane to the endosomes, pass through the Golgi apparatus, and travel to the ER. Translocation from the ER to the cytosol is hypothesized to involve the ER-associated degradation (ERAD) pathway. We developed a genetic strategy to assess the role of mammalian ERAD in toxin translocation. Populations of CHO cells were mutagenized and grown in the presence of two lethal toxins, ETA and ricin. Since these toxins bind to different surface receptors and attack distinct cytoplasmic targets, simultaneous acquisition of resistance to both would likely result from the disruption of a shared trafficking or translocation mechanism. Ten ETA-and ricin-resistant cell lines that displayed unselected resistance to CT and continued sensitivity to diphtheria toxin, which enters the cytosol directly from acidified endosomes, were screened for abnormalities in the processing of a known ERAD substrate, the Z form of ␣1-antitrypsin (␣1AT-Z). Compared to the parental CHO cells, the rate of ␣1AT-Z degradation was decreased in two independent mutant cell lines. Both of these cell lines also exhibited, in comparison to the parental cells, decreased translocation and degradation of a recombinant CTA1 polypeptide. These findings demonstrated that decreased ERAD function was associated with increased cellular resistance to ER-translocating protein toxins in two independently derived mutant CHO cell lines.
Many plant and bacterial toxins exploit the eukaryotic secretory pathway in order to access the host cell cytoplasm (21, 26) . Some proteins, such as diphtheria toxin (DT), enter cells by receptor-mediated endocytosis and pass directly from acidified endosomes to the cytoplasm. Others require additional trafficking and move from the endosomes to the Golgi en route to an exit site within the endoplasmic reticulum (ER). Toxins that follow the latter pathway bind to distinct surface receptors and attack a number of cytosolic targets: Pseudomonas aeruginosa exotoxin A (ETA), for example, binds to the ␣2-macroglobulin receptor and ADP ribosylates elongation factor 2; ricin adheres to the terminal galactose residues of glycolipids or glycoproteins and removes a specific adenine residue from the 28S rRNA; cholera toxin (CT) recognizes the ganglioside GM1 and ADP ribosylates Gs␣; and Shiga toxin binds globoside Gb 3 and cleaves an adenine residue from the 28S rRNA in a manner similar to ricin. Each of these toxins has an AB structure that consists of a catalytic A moiety and a receptorbinding B moiety.
ER-translocating toxins follow distinct trafficking routes from the cell surface to the ER. CT endocytosis originates in caveolae and/or glycosphingolipid-enriched microdomains (28, 43) , but the entry of ETA and Shiga toxin occurs through a clathrin-dependent mechanism (8, 33) . In contrast, ricin is internalized by multiple endocytic pathways (34) . Transport from the Golgi apparatus to the ER involves divergent pathways as well. Shiga toxin utilizes a rab 6-dependent route, while ETA and CT travel with the KDEL receptor along a separate, COPI-dependent path (9, 14, 22) . Since these trafficking events precede translocation (31, 42) , intoxication can be blocked by manipulations that slow or prevent retrograde transport to the ER (6, 9, 14, 19, 33, 36, 44) .
Toxin resistance should also result from disruption of the ER translocation mechanism, but this process is not well understood. It has been proposed that the catalytic domain of an ER-translocating toxin is transferred to the cytosol by the ERassociated degradation (ERAD) pathway. This quality control system recognizes misfolded or misassembled proteins in the ER and exports them to the cytosol for ubiquitination and proteosomal degradation (4, 29, 32) . Exposed hydrophobic residues in the catalytic domain of a partially unfolded toxin could thus trigger the ERAD mechanism and stimulate A moiety passage into the cytosol (12, 21) . The cytosolic degradation that usually accompanies ERAD processing is presumably avoided, at least to some extent, because the A moieties of ER-translocating toxins display a codon bias for arginine over lysine (20) and hence are deficient in the target residues for ubiquitination.
Additional, albeit indirect, evidence for the ERAD toxin translocation model has been presented. Toxicity is impaired by alterations to a hydrophobic stretch within the ricin A domain (37) and by mutations that prevent unfolding of the ricin holotoxin (2) . Yeast mutants harboring export-specific defects in Sec61p, the major constituent of a "translocon" apparatus that directs both import and ERAD-mediated export of proteins across the ER membrane (32) , cannot facilitate the ERto-cytosol transfer of a ricin A chain fusion construct (38) . CT, ETA, and ricin coimmunoprecipitate with Sec61p (16, 35, 42) , while interaction with another ERAD component, protein disulfide isomerase, is a prerequisite for CT translocation (27, 41) . Finally, the characteristics of ERAD-mediated proteolysis have been demonstrated for recombinant ricin and CT constructs (7, 40) .
Despite a growing body of circumstantial evidence, the ERAD model of toxin translocation remains in question. Association with a specific ERAD factor, for example, does not necessarily correspond to a functional requirement for the ERAD system as a whole. Other uncertainties are due to the multiple proteolytic events involving ERAD: processing by this pathway can involve proteosome-dependent export from the ER, proteosome-independent export from the ER, ubiquitindependent export from the ER, ubiquitin-independent export from the ER, ubiquitin-dependent degradation, and ubiquitinindependent degradation (4, 29, 32) . The ubiquitin-independent translocation of ricin and CT thus led one group to conclude that ricin translocation involved ERAD (38) , while another group concluded that CT translocation was independent of ERAD function (35) . An alternative, ERAD-independent translocation pathway has also been proposed for ETA (1) . A functional requirement for ERAD in the ER-to-cytosol export of ricin, CT, and ETA would thus strengthen the evidence for the ERAD model of toxin translocation.
In this paper, we identified aberrant ERAD activity as a consequence of selection for toxin resistance in mammalian cultured cells. Toxin-resistant cell lines were isolated from a pool of mutagenized CHO cells grown in the presence of both ETA and ricin. These two lethal toxins bind different surface receptors and attack different cytosolic targets. Resistance to both should therefore occur much more frequently by altering a single function required for trafficking or translocation of both toxins than by altering two different functions, each of which is required for the action of only one of the toxins. To focus on translocation deficiencies, the resulting cell lines were screened for continued sensitivity to DT (which passes directly from acidified endosomes to the cytosol) and acquired resistance to CT. The varied endocytic and retrograde trafficking pathways followed by CT, ETA, and ricin should have further enhanced the selection of translocation mutants. We reasoned that, should ERAD function in the translocation of multiple toxins, some of the CT-, ETA-, and ricin-resistant cell lines might exhibit abnormal ERAD processing. This prediction was confirmed by monitoring the half-life of a known ERAD substrate, the Z variant of ␣1-antitrypsin (␣1AT-Z), in the parental and mutant cell lines. Degradation of ␣1AT-Z was attenuated in two independent mutant cell lines. Impaired translocation and degradation of a recombinant CTA1 polypeptide was also observed in these two cell lines. Our work thus provides new genetic and functional evidence that decreased mammalian ERAD activity is associated with increased resistance to toxins such as CT, ETA, and ricin, most likely as a consequence of inhibited toxin translocation from the ER to the cytosol.
MATERIALS AND METHODS
Materials. Chemicals, ETA, and ricin were purchased from Sigma-Aldrich (St. Louis, Mo.). DT and CT were purified in our laboratory, as described previously (13, 25) . The ␣1AT antibody was purchased from DAKO (Carpinteria, Calif.). Immobilized CTA (15) and ␣1AT antibodies were generated by incubating the antibodies with 100 mg of protein A-Sepharose overnight at 4°C in 1 ml of phosphate-buffered saline (PBS) supplemented with 0.1% bovine serum albumin. Tissue culture media and serum were purchased from Gibco BRL (Grand Island, N.Y.) or Mediatech (Herndon, Va.), while radiolabels were purchased from NEN Life Sciences (Boston, Mass.). A. McCracken (University of Nevada, Reno) kindly provided the pSV7/␣1AT-Z plasmid (24) .
Isolation of toxin-resistant cell lines. CHO cells bathed in Ham's F-12 medium supplemented with 10% fetal bovine serum were grown at 37°C and 5% CO 2 under humidified conditions. Cells grown to 80% confluency (ϳ1.7 ϫ 10 7 cells) in 10-cm-diameter dishes were mutagenized by exposing them for 24 h to 6 mM ethyl methanesulfonate. This treatment killed 50% of the exposed cells. The surviving cells were passaged to fresh 10-cm dishes at a 1:25 dilution and allowed to recover for 4 days. To screen for toxin resistance, the mutagenized cells were cultured in the presence of 100 ng of ricin per ml and 4.2 g of ETA per ml for an additional 4 days. More than 99% of the cells died during this time. The remaining cells were washed and incubated with fresh medium in the absence of toxin until isolated colonies developed. Thirty to 60 colonies were observed on each of the eight dishes used in the screen, and 80 of the colonies were transferred to 96-well plates for subculture and confirmation of the selected phenotype. From the two dishes containing nonmutagenized cells, a total of 11 colonies were identified and cloned. Following transfer to the 96-well plate, each isolate was again subjected to a 4-day incubation with ricin and ETA. Only one of the nonmutagenized cell lines could be subcultured after this challenge; 21 of the 80 mutagenized cell lines also failed to survive this challenge.
Each remaining clone was expanded and screened for resistance to the morphological change (i.e., elongation) that is normally induced in CHO cells by treatment with CT (11) . We found that 21 of the 60 clones (including 1 nonmutagenized clone) exhibited greater resistance to CT than the parental CHO cells from which they were derived. The CT-sensitive clones were discarded, and the CT-resistant cell lines were subcloned by limiting dilution to ensure the presence of pure clonal populations. The remaining nonmutagenized cell line ceased to grow during subculturing. Further analysis of the cloned and expanded mutant cell lines was performed as described below.
Quantitation of toxin resistance. Incorporation of [ 3 H]leucine into newly synthesized proteins was used to assess the effect of ETA, ricin, or DT on our parental and mutant CHO cell lines. Cells grown to 50 to 80% confluency in 24-well plates were exposed to ETA, ricin, or DT for 16 to 18 h, bathed with leucine-free medium for 30 min, and incubated for 1 h with 0.8 Ci of [ 3 H]leucine per ml in HEPES-buffered, leucine-free media. The medium and extracellular radiolabel were then removed and replaced with 10% trichloroacetic acid (TCA) in PBS for 1 h at 4°C. After a second 10-min wash with 10% TCA-PBS to remove TCA-soluble radiolabel, the cells were solubilized in 0.25 ml of 0.1 M KOH. The numbers of KOH-solubilized, TCA-precipitable cpm were determined by scintillation counting. Results from toxin-treated cells were expressed as a percentage of the values obtained from control cultures of the same cells incubated without toxin. Samples were run in triplicate, and the experiment was repeated at least twice for each cell line. The total numbers of cpm in the absence of toxin were consistently greater than 10,000 for all cell lines.
Intracellular cyclic AMP (cAMP) levels were determined in order to assess the effects of CT on our parental and mutant CHO cell lines. Cells grown to confluency in six-well plates were exposed to 10 ng of CT per ml for 2 h and then solubilized in 0.75 ml of acidic ethanol (1 N HCl-ethanol at a 1:100 ratio) for 15 min at 4°C. After a 10-min spin, the supernatant was collected, and the pellet was reextracted with 0.75 ml of an ice-cold ethanol-H 2 O solution at 2:11 ratio. Supernatants from both extractions were combined and lyophilized overnight, while the remaining pellet was solubilized in 0.2 N NaOH for use in a Micro bicinchoninic acid (BCA) protein assay (Pierce, Rockford, Ill.). cAMP levels in the lyophilized cell extracts were quantitated with the Biotrak kit from Amer per ml for 40 min, and returned to serum-free medium containing excess cold methionine. Cell extracts were collected immediately after pulse-labeling or after the indicated chase periods by solubilizing the monolayers in 1 ml of lysis buffer (25 mM Tris [pH 7.4], 20 mM NaCl, 1% deoxycholic acid, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride [PMSF], 1 g of pepstatin per ml, 1 g of leupeptin per ml). After removal of insoluble debris by centrifugation, the cell extracts were mixed with immobilized ␣1AT antibodies for an overnight incubation. The bound material was then collected after multiple washes with 150 mM NaCl in NDET (1% NP-40, 0.4% deoxycholic acid, 5 mM EDTA, 10 mM Tris [pH 7.4]). Where indicated, the chase medium was also collected and subjected to ␣1AT immunoprecipitation. The immunoprecipitated proteins were electrophoresed on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (9% polyacrylamide) gels, and PhosphoImager analysis (Bio-Rad; Hercules, Calif.) was used to visualize and quantitate ␣1AT-Z. Results for the chase intervals were expressed as percentages of the values obtained from the pulse-labeled cells and were derived from duplicate samples. For ␣1AT-Z secretion assays, samples of medium were taken at specified intervals and replaced with fresh medium containing excess cold methionine. The values presented for these time course experiments were thus based on summation of the radioactivity from consecutive immunoprecipitations of secreted ␣1AT-Z. Secretion assay results were derived from duplicate samples and are expressed as a percentage of the values obtained from pulse-labeled cells. Other aspects of this protocol were identical to the description given above.
Metabolic labeling and immunoprecipitation of CTA1-CVIM. Cells transiently transfected with 1 g of pcDNA3.1/CTA1-CVIM and 5 l of Lipofectamine were metabolically labeled and processed as described above, with the following exceptions: cells were labeled with 150 Ci [
35 S]methionine/ml for 1 h, immunoprecipitations were with the immobilized anti-CTA B9 antibody, SDS-PAGE gels were run with 15% polyacrylamide, and single samples were used for each measurement. For the translocation assay, cells were solubilized at 4°C in 1% Triton X-114 containing 1 mM PMSF, 1 g of pepstatin per ml, and 1 g of leupeptin per ml. A centrifugal spin following warming of the cell extracts was performed in order to separate the Triton X-114 aqueous and detergent phases. The extent of translocation was calculated by expressing the detergent-phase value as a percentage of the combined values of the aqueous-and detergentphase samples. Further details of the translocation and turnover assays are presented elsewhere (40) .
RESULTS AND DISCUSSION
Quantitation of toxin resistance. ETA-and ricin-resistant CHO cell lines were generated as described in Materials and Methods. To measure the degree of toxin resistance, we incubated untreated and toxin-treated cells with 0.8 Ci of [ 3 H]leucine per ml for 1 h at 37°C. Both ETA and ricin inhibit protein synthesis, so toxin activity can be assessed by comparing the amount of radiolabel incorporated into the newly synthesized proteins of untreated cells versus that in toxin-treated cells. Whereas 3 g of ETA per ml decreased protein synthesis in the parental CHO cells to 4% of the control values without toxin, almost every mutant cell line was highly resistant to ETA at 3 g/ml ( Table 1 ). The increased resistance of the mutant cell lines to ricin was more variable and less dramatic, and no cell line was completely resistant to 100 ng of ricin per ml (Table 1) . Whereas protein synthesis in the ricin-treated parental cells dropped to 11% of control levels, six mutants (clones 3, 6, 23, 24, 27, and 46) exhibited relatively high resistance, with protein synthesis levels greater than 70% of the untreated control values. Five mutant cell lines (clones 16, 18, 38, 47, and 54) showed intermediate resistance to ricin, with protein synthesis levels between 45 and 60% of the untreated control values. Five others (clones 4, 5, 34, 36, and 50) had slight resistance to ricin, with protein synthesis levels between 21 and 32% of the untreated control values. The four remaining mutants (clones 2, 7, 40, and 59) were not significantly more resistant to ricin than the parental cell line. In most cases, however, the clonal cell lines exhibited detectably increased resistance to both ETA and ricin.
The mutant cell lines were also screened for resistance to CT as a nonselected phenotype. This was initially determined during expansion of the cell lines with the use of a well-characterized morphological assay based on the CT-induced elongation of CHO cells (11) . A second assay based on the CTinduced elevation of intracellular cAMP was performed with the final clones to confirm the results from the primary screen and to provide a quantitative assessment regarding the degree of CT resistance (Table 1) . For each experiment, the cAMP concentration in the CT-treated parental cells was set at 100%, and the response of the mutant cell lines was expressed as a percentage of that control value. Basal cAMP levels in all cell lines were Ͻ100 pmol/mg of protein; this value rose to an average of 915 pmol/mg of protein (n ϭ 11) in the parental cells after a 2-h incubation with 10 ng of CT/ml. All but three of the mutant clones were more resistant to CT than the parental CHO cells. Two cell lines (clones 6 and 24) were highly resistant to CT and had cAMP levels less than 20% of the control values. Six cell lines (clones 3, 16, 18, 23, 46, and 50) were moderately resistant to CT and had between 22 and 35% of the cAMP levels of the CT-treated parental cells. Five cell lines (clones 2, 4, 5, 36, and 38) were slightly resistant to CT and had between 41 and 58% of the cAMP levels of the CT-treated parental cells. The isolation of numerous cell lines with substantial levels of unselected resistance to CT suggested on August 15, 2017 by guest http://iai.asm.org/ that our strategy for disrupting a common toxin trafficking or translocation mechanism was successful.
Resistance to CT, ETA, and ricin could result from alterations of the endocytic pathway. Such defects could affect the action of toxins that pass directly from the endosomes to the cytosol as well as toxins that require endosome-to-Golgi transport. To test for this possibility, we screened our cell lines for resistance to DT, a toxin that enters the cytosol from acidified endosomes and inhibits protein synthesis by ADP ribosylation of elongation factor 2 (21, 26). As with ETA and ricin, DT activity was determined by comparing the extent of [ 3 H]leucine incorporation into the newly synthesized proteins of untreated cells versus that in toxin-treated cells. A DT concentration of 1 ng/ml, which inhibited ϳ50% of protein synthesis in the parental CHO cells, was used in order to detect small changes in DT resistance for the mutant clones. Five cell lines (clones 2, 18, 36, 40, and 47) with increased resistance to DT (protein synthesis Ն 75% of control levels) were identified with this assay.
Processing of ERAD substrate ␣1AT-Z. Resistance to CT, ETA, and ricin with continued sensitivity to DT was observed in 10 cell lines (clones 3, 4, 5, 6, 16, 23, 24, 38, 46, and 50). This phenotype could result from the disruption of a trafficking or translocation step common to CT, ETA, and ricin. The ERAD system might represent such a common step. We therefore tested these mutant cell lines for abnormalities in processing of the known ERAD substrate ␣1AT-Z. In wild-type cells, most of ␣1AT-Z is retained in the ER and eventually degraded by the ERAD mechanism, but some of the protein avoids degradation and is secreted into the extracellular medium (3, 17, 18) . Analysis of ␣1AT-Z processing in our mutant cell lines could thus potentially identify alterations in degradation, secretion, or both. Furthermore, the turnover of ␣1AT-Z by both ubiquitin-dependent and ubiquitin-independent mechanisms (39) would allow us to detect disruptions in either of these ERAD pathways.
PhosphorImager quantitation of samples subjected to electrophoresis on SDS-PAGE gels was used to determine the amount of ␣1AT-Z immunoprecipitated from transiently transfected, metabolically labeled cells. Preliminary experiments in the parental CHO cells indicated that 50% of pulselabeled ␣1AT-Z was lost from the intracellular pool between 1 and 2 h of chase and that ϳ20% of pulse-labeled ␣1AT-Z was secreted after 2 h of chase (Fig. 1) . The material immunoprecipitated from each condition (pulse, chase, and chase medium) mainly consisted of a single protein with mobility of ϳ50 to 55 kDa. No corresponding band was isolated from mocktransfected cells (data not shown), and no other prominent bands were visualized with the procedure. Cellular processing of ␣1AT-Z accounts for the slightly different electrophoretic mobilities under each condition: the faster-migrating, ϳ50-kDa intracellular chase band represents an endoproteolytic intermediate (30) or deglycosylated (17) form of ␣1AT-Z, while additional glycosylation of the secreted protein (3, 17, 18) was responsible for its slower mobility. All samples ran at a slower mobility than the unglycosylated ␣1AT-Z isolated from pulse-labeled, tunicamycin-treated cells (data not shown).
We used a 2-h chase for initial screening of our mutant cell lines for alterations in the trafficking or degradation of ␣1AT-Z (Table 2) . After this interval, the parental cell line secreted ϳ20% of ␣1AT-Z, retained ϳ40% in an intracellular pool, and degraded ϳ40% of the protein. Only one mutant, clone 6, was indistinguishable from the parental cells by these criteria. The other mutant cell lines exhibited aberrant secretion and/or degradation of ␣1AT-Z. Clones 3, 4, and 50 degraded ␣1AT-Z normally, but secreted substantially less of the protein than the parental cells. Reduced secretion was also observed in three cell lines (clones 23, 24, and 38) that showed accelerated ␣1AT-Z degradation. One cell line, clone 5, displayed both decreased secretion and decreased degradation of ␣1AT-Z. Decreased degradation of ␣1AT-Z was also observed (Table 2) : (i) no apparent ERAD or secretory abnormalities (class 1), (ii) normal ERAD activity with secretory defects (class 2), (iii) accelerated ERAD activity with secretory defects (class 3), (iv) decreased ERAD activity with secretory defects (class 4), and (v) decreased ERAD activity without secretory defects (class 5).
Toxin resistance in these cell lines could result from any mutation that prevents the catalytic moieties of ER-translocating toxins from accumulating in the cytosol. We hypothesized that the secretion-deficient class 2 mutants accomplished this by preventing toxin transport to the ER exit site, that the class 3 mutants with increased ERAD accomplished this by rapid proteosomal degradation of the cytosolic toxin, and that the class 4 and 5 mutants with decreased ERAD accomplished this by limiting toxin transfer from the ER to the cytosol. Each hypothesized result is based upon the available literature: (i) disruption of ER-to-Golgi and Golgi-to-ER transport renders cells resistant to multiple ER-translocating toxins (9, 14, 36, 44) ; (ii) toxin sensitization occurs after treatment with proteosomal inhibitors (42) , so toxin resistance should result from increased ERAD and proteosomal activity; and (iii) ERAD inhibition often prevents substrate passage into the cytosol (4, 29, 32) . The latter two predictions are based upon the hypothesized role of ERAD in toxin translocation. However, the accelerated turnover of ␣1AT-Z could also result from alterations to the proteosomal degradative pathway. Secretory defects in the class 3 and 4 mutants might complicate interpretation of the ERAD phenotype as well. We therefore focused our further attention on the class 5 mutants with attenuated ERAD and normal secretory function.
Toxin resistance in the class 5 mutant cell lines. Doseresponse curves were generated to better characterize the toxin-resistant phenotype of clones 16 and 46. Both mutants were highly resistant to CT ( Fig. 2A) , highly resistant to ETA (Fig.  2B) , and moderately resistant to ricin (Fig. 2C) . Clones 16 and 46 were ϳ10-fold more resistant to ETA than the parental cells and displayed an ϳ3-fold increase in resistance to ricin. The degree of toxin resistance in these dose-response curves was somewhat less than that originally recorded in Table 1 and may reflect a partial loss of the toxin-resistant phenotype over time. Finally, the parental and mutant cell lines exhibited similar sensitivities to DT (Fig. 2D) .
Kinetics of ␣1AT-Z processing in the class 5 mutant cell lines. We performed time course experiments to monitor the processing of ␣1AT-Z in the class 5 mutant cell lines (Fig. 3) . As previously described, ␣1AT-Z was immunoprecipitated from transiently transfected, metabolically labeled cells. The pool of ␣1AT-Z remaining in the parental and mutant cell lines after chase intervals of 0, 45, 60, 120, and 240 min was then quantitated by SDS-PAGE and PhosphorImager analysis. Similar methods were used to determine the rate of ␣1AT-Z secretion from the class 5 mutants.
In the parental CHO cells, half of the intracellular pool of pulse-labeled ␣1AT-Z was lost to a combination of degradation and secretion between 1 and 2 h of chase. Secretion played a minor role in ␣1AT-Z processing during the first hour of chase, and significant degradation of the protein usually began after a 45-min lag (Fig. 3) . These results were consistent with previous reports (3, 18) . Decreased ERAD activity was detected in the class 5 mutants during the early stage of processing (Fig. 3A) . Clones 16 and 46 degraded 10 to 20% less ␣1AT-Z than the parental cells after 45, 60, or 120 min of chase and exhibited a longer lag phase before the onset of ␣1AT-Z degradation. The relatively subtle inhibition of ERAD activity demonstrated with our cell lines was also observed in ERAD-deficient yeast mutants (5, 23) and suggested that ETA and ricin, the two toxins used in our initial selection strategy, exploit an ERAD mechanism that is required for cellular viability. Nevertheless, the observed inhibition of ERAD was sufficient to alter the intracellular half-life of ␣1AT-Z: the parental cell line retained 50% of pulse-labeled ␣1AT-Z after 1.7 h of chase, whereas 50% of the intracellular protein remained after an extended 2.4 h of chase in clones 16 and 46. Neither clone displayed significant alterations to ␣1AT-Z secretion (Fig. 3B) . Resistance to multiple ER-translocating toxins thus correlated with inhibition of ERAD activity against ␣1AT-Z.
Translocation and degradation of CTA1-CVIM in the class 5 mutant cell lines. Inefficient degradation and an extended substrate half-life often result from the inhibition of ERADmediated export to the cytosol. By extension, then, CT resis- on August 15, 2017 by guest http://iai.asm.org/ tance in clones 16 and 46 could have resulted from a defective translocation mechanism that limited access of the catalytic CTA1 polypeptide to the cytosol. We tested this prediction directly by monitoring the translocation of CTA1-CVIM, a recombinant tagged form of the CTA1 polypeptide (Fig. 4) . CTA1-CVIM was expressed from the pcDNA3.1 eukaryotic expression vector and consisted of the native CTA leader sequence, the catalytic domain of an inactive CTA1 variant, and a C-terminal CVIM farnesylation motif. A separate report demonstrated that this construct, when transiently transfected into CHO cells, was inserted into the ER lumen and then transferred to the cytosol for proteosomal degradation. Entry into the cytosol was monitored by the appearance of CTA1-CVIM in the detergent phase of a cell extract generated with Triton X-114; this property of detergent-phase partitioning resulted from the cytosolic addition of a 15-carbon fatty acid farnesyl moiety to CTA1-CVIM. A variant construct in which the CVIM farnesylation motif was replaced by a nonfunctional SVIM motif always remained in the aqueous phase of the Triton X-114 cell extracts (40) . Clone 16, clone 46, and the parental CHO cells were transiently transfected with CTA1-CVIM, incubated for 1 h with 150 Ci of [ 35 S]methionine per ml, and solubilized at 4°C in Triton X-114. The aqueous and detergent phases of the Triton X-114 lysates were separated with a short centrifugal spin after warming to 37°C. Anti-CTA immunoprecipitates from both aqueous and detergent phases were then visualized and quantitated by SDS-PAGE with PhosphorImager analysis. We found that 31% of CTA1-CVIM segregated into the detergent (i.e., cytosolic) phase of Triton X-114 cell extracts generated from the parental CHO cells. In contrast, 22% of radiolabeled CTA1-CVIM was detected in the detergent phase of Triton X-114 cell extracts generated from clone 16, and 15% of radiolabeled CTA1-CVIM was detected in the detergent phase of Triton X-114 cell extracts generated from clone 46 (Fig. 4) . Because ERAD substrates are degraded in the cytosol, we predicted that the decreased translocation activity in clones 16 and 46 would correspond to an increased half-life for CTA1-CVIM. The data presented in Fig. 5 supported this prediction. Pulse-chase experiments to monitor the turnover of CTA1-CVIM demonstrated that the 1.0-h half-life of CTA1-CVIM in the parental cells was extended to 2.1 to 2.2 h in clones 16 and 46. We concluded that clones 16 and 46 did not efficiently degrade CTA1-CVIM because the mutant clones did not efficiently export CTA1-CVIM from the ER lumen to the cytosolic site of degradation. Collectively, then, our work strongly suggested that toxin resistance in clones 16 and 46 resulted from an ERAD-mediated defect in toxin export from the ER to the cytosol.
Proteosomal degradation of cytosolic substrates. Attenuated degradation of ␣1AT-Z and CTA1-CVIM was unlikely to result from a direct effect on the proteosome, as proteosomal inhibition does not prevent toxin entry into the cytosol (40) and leads to toxin sensitization rather than toxin resistance (42) . To confirm that proteosomal activity was unaltered in clones 16 and 46, we used an established assay (10) to monitor the turnover of short-lived cytosolic proteins in the parental and the class 5 mutant cell lines. The ratio of TCA-soluble cpm to total cpm derived from cells pulse-labeled with [ 3 H]leucine demonstrated that clone 16, clone 46, and the parental cells each degraded 10% of the labeled proteins after 1 h of chase (n ϭ 2). Thus, attenuated degradation of ␣1AT-Z and CTA1-CVIM in clones 16 and 46 could not be attributed to decreased proteosomal activity.
Conclusion. In summary, we have identified reduced ERAD activity in a subset of CHO mutant cell lines that were selected for simultaneous resistance to ETA and ricin and also exhibited an unselected increase in resistance to CT. Toxin resistance was also correlated with decreased translocation of CTA1-CVIM. It is unlikely that the selection of ETA-and ricin-resistant cell lines would generate defects in two unrelated ER dislocation mechanisms, one utilized by the ERAD substrate ␣1AT-Z and the other utilized by CTA1. Our findings thus provide presumptive functional evidence for the role of mammalian ERAD in the passage of multiple ER-translocating toxins into the cytosol, although the exact biochemical explanations for ERAD dysfunction in our mutant cell lines remain to be identified. The mutant cell lines described in this study should serve as valuable tools for the continuing investigation of how ERAD activity modulates toxin translocation into the cytosol. 
